The sterol regulatory element-binding protein (SREBP) transcription factor family is a critical regulator of lipid and sterol homeostasis in eukaryotes. In mammals, SREBPs are highly active in the fed state to promote the expression of lipogenic and cholesterogenic genes and facilitate fat storage. During fasting, SREBP-dependent lipid/cholesterol synthesis is rapidly diminished in the mouse liver; however, the mechanism has remained incompletely understood. Moreover, the evolutionary conservation of fasting regulation of SREBP-dependent programs of gene expression and control of lipid homeostasis has been unclear. We demonstrate here a conserved role for orthologs of the NAD + -dependent deacetylase SIRT1 in metazoans in down-regulation of SREBP orthologs during fasting, resulting in inhibition of lipid synthesis and fat storage. Our data reveal that SIRT1 can directly deacetylate SREBP, and modulation of SIRT1 activity results in changes in SREBP ubiquitination, protein stability, and target gene expression. In addition, chemical activators of SIRT1 inhibit SREBP target gene expression in vitro and in vivo, correlating with decreased hepatic lipid and cholesterol levels and attenuated liver steatosis in dietinduced and genetically obese mice. We conclude that SIRT1 orthologs play a critical role in controlling SREBPdependent gene regulation governing lipid/cholesterol homeostasis in metazoans in response to fasting cues. These findings may have important biomedical implications for the treatment of metabolic disorders associated with aberrant lipid/cholesterol homeostasis, including metabolic syndrome and atherosclerosis.
Lipids and sterols play key roles in diverse biological processes in eukaryotes, such as membrane biosynthesis, intra-and extracellular signaling, and energy storage. In humans, aberrant lipid and cholesterol homeostasis has been linked to a number of diseases prevalent in the developed world, including metabolic syndrome-a con-stellation of conditions and diseases that includes obesity, insulin resistance, liver steatosis, and hypertension, as well as type 2 diabetes, cardiovascular disease, and cancers (Cornier et al. 2008 ). An improved understanding of the molecular mechanisms governing lipid/cholesterol homeostasis might lead to novel therapeutic strategies to ameliorate such diseases.
Fasting (short-term food deprivation) produces a rapid metabolic shift from lipid/cholesterol synthesis and fat storage to mobilization of fat, and recent studies have suggested that fasting may improve conditions associated with metabolic syndrome (Varady and Hellerstein 2008; Fontana et al. 2010) . There is thus keen interest in determining the mechanism of fasting-dependent regulation of lipid/cholesterol metabolism to facilitate the development of novel therapeutic strategies to treat disorders associated with aberrant lipid and cholesterol homeostasis.
The sterol regulatory element-binding protein (SREBP) transcription factors represent a highly conserved family of gene regulators controlling key genes involved in the biosynthesis and trafficking of lipids and sterols in eukaryotes from Schizosaccharomyces pombe to humans (Osborne and Espenshade 2009 ). In vertebrates, the SREBP-2 isoform primarily modulates intracellular cholesterol homeostasis by promoting the expression of the low-density lipoprotein (LDL) receptor gene and cholesterol biosynthesis genes (e.g., HMG-CoA reductase), whereas the SREBP-1 isoform preferentially controls lipid homeostasis by activating fatty acid and lipid biosynthesis genes (e.g., fatty acid synthase [FASN] and stearoyl-CoA desaturases) (Horton et al. 2002; Osborne and Espenshade 2009 ). In cholesterol auxotroph invertebrates such as Caenorhabditis elegans and Drosophila melanogaster, SREBP homologs appear to primarily regulate fatty acid/lipid homeostasis (Rawson 2003; Osborne and Espenshade 2009) .
SREBP family members are controlled in a classic negative feedback manner by the downstream products of the metabolic pathways regulated by SREBPs, such as cholesterol/lipids (Brown and Goldstein 1997; Osborne and Espenshade 2009 ). SREBPs are synthesized as precursor proteins that are inserted into the endoplasmic reticular (ER) membrane in a hairpin fashion by two transmembrane domains. When intracellular cholesterol/lipid levels are high, SREBP precursors are tethered and retained in the ER by the sterol-sensing SCAP-Insig complex (Espenshade 2006) . Upon cholesterol/lipid depletion, the SCAP-Insig interaction is disrupted and SCAP chaperones SREBPs to the Golgi, where they undergo two sequential intramembrane proteolytic cleavage steps, releasing the free mature transcription factor form, which then migrates to the nucleus to activate gene transcription (Espenshade 2006) .
While the negative feedback mechanisms controlling the processing of the precursor forms of SREBPs are quite well understood, much less is known of how SREBPs are controlled by nutrient deprivation, such as during fasting. The mature nuclear forms of SREBP-1 and SREBP-2 are abundant in the mouse liver during feeding, and the expression of fatty acid and cholesterol biosynthesis genes is high, whereas, during fasting, SREBPs are markedly down-regulated, correlating with decreased lipogenic and cholesterogenic gene expression (Horton et al. 1998 ). The expression of the SREBP-1c isoform responds to changes in insulin signaling, and altered insulin levels may thus contribute to the effects of fasting on the levels of nuclear SREBP-1c in liver (Horton et al. 1998 ). However, the SREBP-2 family member is not transcriptionally regulated in response to insulin signaling, and the levels of the precursor form is not changed in response to fasting or refeeding in the mouse liver (Horton et al. 1998 ); hence, the mechanism of fasting-dependent down-regulation of nuclear SREBP-2 cannot be explained by decreased insulin signaling. Moreover, regardless of upstream regulatory events governing the expression and proteolytic processing of precursor SREBPs, the active, nuclear forms of SREBPs must be removed rapidly to terminate the gene activation signals promoting lipogenic and cholesterogenic transcriptional programs in response to fasting cues. However, the mechanism of fasting-dependent down-regulation of nuclear SREBPs has not been elucidated.
Nuclear SREBPs recruit coactivators, such as the histone acetyltransferases (HATs) CBP/p300 and the RNA polymerase II-binding ARC/Mediator complex, to improve chromatin accessibility and facilitate the assembly of the transcription machinery at promoters of regulated genes (Oliner et al. 1996; Ericsson and Edwards 1998; Näär et al. 1998 Näär et al. , 1999 . Interestingly, recent studies have shown that the nuclear mature form of the SREBP-1 isoform can be acetylated by the CBP/p300 acetyltransferases, and SREBP-1 acetylation correlated with decreased ubiquitination and proteasome-dependent turnover of SREBP-1 (Giandomenico et al. 2003) . The resulting increased and sustained SREBP activity and elevated downstream target gene expression would be predicted to promote SREBPdependent lipogenesis and cholesterol synthesis and uptake during feeding. Based on this notion, we speculated that fasting-regulated deacetylation of SREBPs might serve to initiate clearing of nuclear SREBPs by promoting ubiquitin/proteasome-dependent SREBP turnover, and to inhibit de novo synthesis of lipids/cholesterol.
One attractive candidate to mediate deacetylation of the SREBP family of transcription factors in response to fasting cues is the SIRT1 member of the class III NAD + -dependent family of protein deacetylases (Guarente 2006) . First, SIRT1 orthologs not only remove acetyl groups from histone tails, they can also deacetylate transcription factors such as p53, NF-kB, and E2F (Haigis and Guarente 2006; Saunders and Verdin 2007; . In addition, a number of studies have shown that SIRT1 orthologs contribute to the effects of decreased caloric intake on life span from yeast to mammals, and sirtuins may thus act as energy sensors (Guarente 2006) . Consistent with this notion, NAD + is a critical cellular metabolite tightly linked to the energetic/ metabolic status of cells, and altered levels of NAD + or NAD + /NADH ratios in response to changes in caloric intake and/or energy consumption could have profound effects on SIRT1 activity (Haigis and Guarente 2006) . Importantly, SIRT1 protein levels are elevated in the livers of fasted mice and decrease with refeeding , a regulatory pattern converse to that of SREBPs. Several studies in rodents have shown that SIRT1 is indeed involved directly in modulating animal metabolism in response to fasting cues. For example, mouse SIRT1 deacetylates and potentiates the activities of the PPARa nuclear receptor as well as the PGC-1a and CRTC2/ TORC2 transcription coactivators in the mouse liver during fasting, resulting in increased expression of gluconeogenic and fatty acid b-oxidation genes (Nemoto et al. 2005; Rodgers et al. 2005; Liu et al. 2008; Purushotham et al. 2009 ). SIRT1 also inhibits the expression of the lipogenic nuclear receptor PPARg in adipose cells (Picard et al. 2004) , and acts downstream from AMPK signaling, which also serves to inhibit lipogenesis and promote energy consumption (Hou et al. 2008; Canto et al. 2009 ). Moreover, small-molecule activators of sirtuins-such as the polyphenol resveratrol as well as newer, more potent SIRT1 activators-appear to act as fasting mimetics by promoting increased fat mobilization, fatty acid b-oxidation, and improved cholesterol homeostasis (Baur et al. 2006; Milne et al. 2007; Smith et al. 2009 ). Additionally, knockdown or knockout of SIRT1 in the mouse liver or transgenic overexpression of SIRT1 in mice results in altered lipid/cholesterol levels in serum and the liver (Li et al. 2007; Rodgers and Puigserver 2007; Pfluger et al. 2008; Erion et al. 2009; Purushotham et al. 2009 ). Altogether, these findings are consistent with an essential role for SIRT1 in controlling lipid/cholesterol homeostasis, at least in rodents (Yu and Auwerx 2009) . While there is clear evidence for a role for SIRT1 in promoting fatty acid b-oxidation, it is not known whether SIRT1 orthologs participate directly in mediating the inhibitory effects of fasting on SREBP-dependent lipid/cholesterol biosynthesis. To understand how lipid/cholesterol synthesis is shut down during fasting in invertebrates and mammals, we investigated the functional and mechanistic interaction between SIRT1 and SREBP.
Results
The C. elegans SIRT1 ortholog SIR-2.1 mediates fasting-dependent down-regulation of the SREBP ortholog SBP-1, and inhibits lipid synthesis and fat storage in response to fasting cues
We hypothesized that increased sirtuin activity during the fasting response promotes loss of nuclear SREBP, resulting in down-regulation of SREBP-responsive genes and decreased potential to store lipids. To test this hypothesis, we first used invertebrate models containing single SREBP orthologs. The nematode C. elegans represents a powerful and facile model system for investigating conserved mechanisms governing lipid homeostasis (Ashrafi 2007; Watts 2009 ). The SREBP ortholog in C. elegans, SBP-1, is necessary for lipid production and for expression of multiple lipogenic genes (McKay et al. 2003; Yang et al. 2006) .
To investigate the role of sirtuins in the invertebrate fasting response, we assessed lipid levels in the intestine (liver/adipose equivalent) by staining with the lipophilic dye Sudan Black. Fasting of wild-type C. elegans results in strongly decreased levels of lipids in the intestines (Fig.  1A) . Strikingly, nematodes null for the SIRT1 ortholog sir-2.1 exhibit high levels of lipids under both fed and fasted conditions ( Fig. 1A ; Supplemental Fig. 1A ), indicating that SIR-2.1 is required for the decreased lipid synthesis and/or storage in response to fasting cues. Thin-layer chromatography and gas chromatography analyses confirmed that total levels of triglycerides decrease during fasting in wild-type animals, but not in sir-2.1-null animals ( Fig. 1B) . Previous studies of fasting-dependent transcriptional responses in C. elegans revealed marked down-regulation of the expression of several genes involved in lipid homeostasis, including fat-7, a gene encoding a stearoyl-CoA desaturase that plays a key and conserved role in lipid/ triglyceride biosynthesis and fat storage (Van Gilst et al. 2005; Flowers and Ntambi 2008) , which is also an important Figure 1 . SIR-2.1 is essential for proper fasting-dependent down-regulation of lipid synthesis and fat storage in C. elegans (A) Sudan Black staining reveals that fat storage is decreased in wild-type animals upon fasting, but is maintained in fasted sir-2.1(lof) animals. (B) Thin-liquid chromatography/gas chromatography analysis shows that triacylglycerols (TAGs) normally reduced during fasting are still present in sir-2.1(lof) animals. (C) Intestinal expression of fat-7pTGFP is strongly decreased during fasting. (D) Chemical interference with sirtuin activity (nicotinamide [NAM], 12.5 mM; sirtinol, 0.1 mM) causes a retention of fat-7pTGFP expression in fasted animals. (E) Fasting-dependent decreases in expression of endogenous fat-7 do not occur in sir-2.1(lof) animals. fat-7 expression is normalized to act-1. (F) The SBP-1 target gene lbp-6 is abnormally regulated in the fasting response of sir-2.1(lof) animals. Gene expression was measured by qRT-PCR normalized to act-1. Error bars represent standard deviations between parallel reactions. (G) Increased SIR-2.1 activity in nematodes results in lower levels of stored fat, as measured by Sudan Black staining. (H) C. elegans overexpressing sir-2.1 exhibit lower levels of SBP-1 target gene expression. Relative mRNA amounts of the SBP-1 target genes fat-7 or lbp-6 from fed animals were measured by qRT-PCR. Error bars represent standard deviations from parallel reactions. (*) P < 0.05; (**) P < 0.01. regulatory target of SBP-1 (Yang et al. 2006) . Using a C. elegans strain harboring a fat-7 promoterTGFP reporter, we confirmed that fasting elicits a strong decrease in the intestinal GFP expression directed by the fat-7 promoter (Fig. 1C ). Treatment of nematodes with the sirtuin inhibitors nicotinamide and sirtinol results in markedly increased expression of the fat-7pTGFP reporter in the intestine under fasting conditions, while intestinal GFP expression driven by the elt-2 promoter was unaffected by these treatments, revealing a gene-selective effect of the sirtuin inhibitors ( Fig. 1D ). Accordingly, deletion of sir-2.1 largely abrogates the fasting-dependent decline in expression of the endogenous fat-7 gene (Fig. 1E ). Additionally, we found that the expression of lipid-binding protein 6 (lbp-6, a novel SBP-1 target gene) (AK Walker and AM Näär, unpubl.), is also down-regulated by fasting in wild-type animals, but not in sir-2.1 loss-of-function (lof) animals ( Fig.  1F ). To further investigate the regulation of SBP-1 target genes by SIR-2.1, we used a C. elegans strain overexpressing SIR-2.1 (sir-2.1OE) (Tissenbaum and Guarente 2001) . Converse to the findings with the sir-2.1(lof) strain, the SIR-2.1OE strain exhibits decreased transcription of fat-7 and lbp-6 under both fed and fasted conditions, and has markedly lower intestinal lipid storage as compared with control animals (Fig. 1G ,H; Supplemental Fig. 1B ; data not shown). These results reveal an essential role for the SIRT1 ortholog SIR-2.1 in down-regulating expression of SBP-1 lipogenic target genes and lipid/triglyceride biosynthesis and storage in C. elegans in response to fasting cues.
We next examined whether the alterations in fat-7 expression and lipid storage during fasting or after manipulating SIR-2.1 levels or activity were a consequence of changes in SBP-1 activity. Using sbp-1 RNAi, we found that the elevated intestinal GFP expression driven by the fat-7 promoterTGFP reporter observed in fasted animals in response to nicotinamide treatment is dependent on SBP-1 ( Fig. 2A ). The expression of the endogenous fat-7 gene in fed or fasted sir-2.1-null animals is also dependent on SBP-1, as judged by sbp-1 RNAi experiments (data not shown). Using animals harboring a hypomorphic allele of sbp-1 [sbp-1(ep79)], we also show that SBP-1 is required for the expression of endogenous fat-7 in fed and fasted animals, and that the accumulation of lipids in fasted sir-2.1-null animals is dependent on SBP-1 ( Fig. 2B ; Supplemental Fig. 2A,B) . A previous study revealed that the C. elegans orphan nuclear receptor NHR-49 is also involved in fasting-dependent regulation of lipid homeostasis genes (Van Gilst et al. 2005) ; however, the expression of several NHR-49 target genes (e.g., cpt-4) is unaffected by sir-2.1 deletion during either feeding or fasting ( Fig. 2C ; data not shown). Furthermore, nhr-49(lof);sir-2.1(lof) double mutants have similar lipid storage levels during feeding or fasting when stained by Sudan Black (Supplemental Fig. 3 ), suggesting that NHR-49 is dispensable for lipid storage in sir-2.1 animals. Together, these results are consistent with a specific role for SIR-2.1 inhibition of SBP-1 function in down-regulation of lipid synthesis and storage in C. elegans during fasting.
To explore the mechanism by which SIR-2.1 inhibits SBP-1-dependent gene regulation and lipid synthesis/storage in C. elegans, we examined whether SIR-2.1 affects SBP-1 levels. Nematodes expressing a SBP-1TGFP fusion protein driven by the sbp-1 promoter exhibit strong nuclear fluorescence in the intestinal cells of fed animals, whereas fasted animals show markedly reduced nuclear SBP-1TGFP levels, consistent with previously published results in mammals ( Fig. 2D ; Horton et al. 1998) . In contrast, nuclear SBP-1TGFP expression remains high in fasted nematodes carrying a deletion in sir-2.1, or in animals treated with the sirtuin inhibitors nicotinamide and sirtinol ( Fig. 2D ; Supplemental Fig. 4A ; data not shown). Transcript levels of sbp-1 are only very modestly altered by feeding/fasting or loss of sir-2.1 ( Fig. 2C ), suggesting that SIR-2.1 mediates fasting-dependent regulation of SBP-1 protein levels by a post-transcriptional mechanism. Together, these results reveal a critical role for the C. elegans SIRT1 ortholog SIR-2.1 in fasting-dependent inhibition of lipid synthesis and storage, an effect at least in part due to post-transcriptional down-regulation of the key lipogenic gene regulator and SREBP ortholog SBP-1.
We next wished to establish whether the role of SIRT1 orthologs in negative regulation of lipogenic genes in Figure 2 . SIR-2.1 is essential for proper fasting-dependent down-regulation of SBP-1-dependent gene expression and localization in C. elegans. (A) fat-7pTGFP expressed during fasting in response to sirtuin inactivation is also dependent on sbp-1. (B) fat-7 expression is decreased in sbp-1(ep79) animals at the nonpermissive temperature in both fed and fasted conditions. (C) In contrast with fat-7 expression, mRNA expression of sbp-1 or the NHR-49 target cpt-4 was very modestly altered in sir-2.1(lof) animals. C. elegans were placed in fed or fasted conditions for 7 h. response to fasting is conserved among metazoans. We examined whether the Drosophila SIRT1 ortholog dSIR2 is required for fasting-dependent inhibition of lipogenic genes that are known to be controlled by the Drosophila SREBP ortholog dSREBP (Kunte et al. 2006 ). The dSREBPregulated genes encoding the lipogenic enzymes acetyl-CoA synthase, acetyl-CoA carboxylase, and fatty acid synthase are all significantly down-regulated during fasting of Drosophila larvae (Supplemental Fig. 4B ). Importantly, Drosophila larvae homozygously deleted for dSir2 exhibit strongly increased transcription of the three dSREBP target genes, in particular during fasting (Supplemental Fig. 4B ). These results, together with the C. elegans findings, are consistent with an essential and conserved role for SIRT1 orthologs in negatively regulating SREBP-dependent transactivation of lipogenic genes and fat storage in invertebrate metazoans during fasting.
Mammalian SIRT1 represses SREBP-1 and SREBP-2 target gene expression
Next, we investigated whether mammalian SIRT1 also regulates SREBPs and their target genes. Consistent with our findings suggesting a central role for SIRT1 orthologs in regulating the lipogenic SREBP-1 orthologs in C. elegans and Drosophila, we show here that shRNA-mediated knockdown of SIRT1 in the mouse liver results in significantly decreased fasting-dependent down-regulation of lipogenic gene expression-including FASN, ELOVL6 (fatty acid elongase), and SREBP-1c-suggesting that SIRT1 mediates fasting-dependent regulation of multiple SREBP-1 target genes in mice ( Fig. 3A -C; Rodgers and Puigserver 2007) .
A SIRT1 liver-specific knockout (SIRT1 LKO) mouse model has been developed recently (Purushotham et al. 2009 ). This study showed that, in addition to effects on PPARa target genes involved in fatty acid b-oxidation, livers from the SIRT1 LKO mice became steatotic after being fed a high-fat diet and exhibited high levels of cholesterol, and several SREBP target genes examined (FASN, ACC1, and SREBP-1c) were increased on both normal chow and high-fat diets (Purushotham et al. 2009 ). We therefore performed DNA microarray analysis on isolated livers from wild-type and SIRT1 LKO animals to more comprehensively evaluate the possible effects on expression of SREBP target genes in response to SIRT1 deletion in the liver. Indeed, the DNA microarray studies, together with quantitative RT-PCR (qRT-PCR) analysis and unsupervised hierarchical clustering analysis, revealed a broad spectrum of SREBP-1 and SREBP-2 targets among Cold Spring Harbor Laboratory Press on September 7, 2017 -Published by genesdev.cshlp.org Downloaded from the genes significantly up-regulated in the SIRT1 LKO livers (Fig. 3D; Supplemental Fig. 5 ; data not shown), including genes in the lipogenic programs (e.g., FASN, acetyl-CoA synthase and carboxylase, ATP citrate lyase, and ELOVL6), as well as cholesterol biosynthesis pathways (e.g., squalene epoxidase, mevalonate diphosphate decarboxylase, HMG-CoA reductase, and phosphomevalonate kinase). In contrast, we did not observe any significant changes in the expression of SREBP-1a/c or SREBP-2 themselves in response to SIRT1 deletion in the liver, consistent with our model of SIRT1-dependent post-transcriptional of SREBPs, with ensuing effects on SREBP target gene expression. These in vivo data together suggest that loss of SIRT1 in the mouse liver broadly and significantly impacts SREBP-dependent gene regulation.
In accord with the in vivo findings, mouse embryo fibroblasts (MEFs) isolated from SIRT1 knockout mice (Cheng et al. 2003 ) exhibit increased expression of several SREBP target genes, confirming an important role for SIRT1 in regulating SREBP-dependent gene expression ( Fig. 4A ). Additionally, we found that manipulation of sirtuin activity or SIRT1 levels in different human cell lines by treatment with the sirtuin inhibitors nicotinamide and sirtinol (Fig. 4B ), or overexpression of a dominant-negative, catalytically inactive SIRT1 mutant protein (H363Y) (Fig. 4C ), all result in significantly increased expression of SREBP-regulated genes. Conversely, overexpression of wild-type SIRT1 causes strong repression of SREBP target genes in human cells (Fig. 4D ). These regulatory changes encompass genes from lipogenic programs such as stearoyl-CoA desaturases and fatty acid synthase, primarily regulated by SREBP-1a, and cholesterol biosynthesis genes (HMG-CoA reductase [HMG-CR] and the low-density lipoprotein receptor [LDLR]), which are likely to be under the control of SREBP-2 in these cell culture models. Consistent with the SIRT1 LKO data, we do not observe changes in the expression of the SREBPs themselves upon manipulations of SIRT1 function ( Fig. 4C ; data not shown). Taken together, our findings reveal that SIRT1 plays a central and conserved role in fasting-dependent down-regulation of SREBP target gene expression in mammals.
SIRT1 directly deacetylates SREBP and controls SREBP protein stability
Based on our findings of regulation of SREBP target gene expression by SIRT1 orthologs in metazoans during fasting, we speculated that SIRT1 might also directly deacetylate SREBPs and inhibit SREBP-dependent transactivation functions. Previous studies have shown that SREBPs interact with the CBP/p300 acetyltransferases, which acetylate SREBPs on lysine residues located in the DNAbinding domain (Oliner et al. 1996; Ericsson and Edwards 1998; Nää r et al. 1998; Giandomenico et al. 2003) . To examine whether SREBP acetylation might be regulated by SIRT1, we initially treated human cells with the sirtuin inhibitor nicotinamide, and then examined acetylation of immunopurified SREBPs. Nicotinamide treatment caused a significant increase in acetylation of both overexpressed and endogenous mature forms of SREBPs, consistent with sirtuin regulation of the SREBP acetylation state ( Fig. 5A -C). To test whether SIRT1 is capable of directly deacetylating SREBP in vitro, we immunopurified Flag-SREBP-1a from cells treated with nicotinamide to enhance SREBP-1a acetylation, and then performed deacetylation reactions with bacterially expressed and purified SIRT1 proteins fused to GST in the presence or absence of the essential cofactor NAD + . These experiments revealed that wildtype SIRT1 deacetylates SREBP-1a in an NAD + -dependent manner, whereas the catalytically inactive mutant SIR-T1(H363Y) does not (Fig. 5D ). Interestingly, acetylation has been suggested to result in SREBP protein stabilization (Giandomenico et al. 2003) , and deacetylation of SREBPs by SIRT1 would thus be predicted to increase SREBP protein turnover. Consistent with this hypothesis, we found that nicotinamide treatment of human cells expressing Flag-SREBP-1a results in markedly elevated SREBP stability (half-life increased from ;1 h to ;6 h), as judged by treatment with the translation inhibitor cycloheximide (Fig. 5E ). Nicotinamide had little effect on the transcription of the Flag-SREBP-1a construct (data not shown). To determine if sirtuin-dependent deacetylation and regulation of stability of SREBP-1a depended on the lysine residues in the DNAbinding domain shown previously to be acetylated by p300 (K324 and K333) (Giandomenico et al. 2003) , we compared the half-lives of wild-type Flag-SREBP-1a with Flag-SREBP-1a K324R/K333R in the presence of sirtuin inhibitors. As demonstratedpreviously (Giandomenico et al. 2003) , mutations of Lys 324 and Lys 333 increased the stability of SREBP-1a (Fig. 5F) . Importantly, however, nicotinamide did not further increase the stability of Flag-SREBP-1a K324R/ K333R, suggesting that sirtuin-dependent deacetylation of SREBP-1a indeed occurs at these residues (Fig. 5F ). We also found that nicotinamide treatment of normal human fibroblasts (IMR-90) resulted in increased levels of endoge-nous, mature (nuclear) SREBP-1 and SREBP-2 proteins, while levels of the SREBP-1 and SREBP-2 precursor proteins were unaffected (Fig. 5G, H) . Collectively, these results suggest that SIRT1 can control the stability of mature, nuclear SREBPs by direct deacetylation.
Sirtuin inhibition results in increased nuclear SREBP levels
Our gene expression studies suggest that transcriptional targets of multiple SREBP isoforms are changed in response to altered SIRT1 activity. To more fully investigate the role of SIRT1 in affecting distinct SREBP isoforms, we examined the levels of nuclear SREBP-1a and SREBP-2 in human cells treated with sirtuin inhibitors and SIRT1 siRNA. We found that nicotinamide, sirtinol, and siRNA-mediated ablation of SIRT1 all increased the nuclear abundance of SREBP-1a and SREBP-2 in primary human fibroblasts (IMR-90) and cancer cells (HeLa S) ( Fig. 6A,B; Supplemental Figs. 7, 8) . To examine the response of the SREBP-1c isoform to alterations of SIRT1, we performed immunofluorescence studies on primary hepatocytes isolated from wild-type or SIRT1 LKO mice (Purushotham et al. 2009 ), and found that, similar to SREBP-1a and SREBP-2, nuclear SREBP-1c levels increased when SIRT1 was absent (Fig. 6C) . These experiments are consistent with the notion that all three SREBP isoforms can be regulated by SIRT1. Figure 5 . SIRT1 directly deacetylates SREBP and controls SREBP protein stability. (A) HeLa cells were transfected with Flag-tagged SREBP-1a, and then were treated with (+) or without (À) 20 mM NAM for 20 h. Flag-SREBP-1a was purified by immunoprecipitation using anti-Flag antibodies, and was eluted with Flag peptide. The presence of acetylated SREBP-1a was detected by immunoblotting using an acetyl lysine-specific antibody. Flag-SREBP-1a served as the loading control. (B) HeLa cells were treated with proteasome inhibitors alone or with proteasome inhibitors and 25 mM NAM for 6 h. Endogenous SREBP-1a was immunoprecipitated by antibodies specific to SREBP-1a. The presence of acetylated SREBP-1a was detected by immunoblotting using an acetyl lysine-specific antibody. (C) HeLa cells were treated with proteasome inhibitors alone or with proteasome inhibitors and 25 mM NAM for 6 h. Endogenous SREBP-2 was immunoprecipitated. The presence of acetylated SREBP-2 was detected by immunoblotting using an acetyl lysine-specific antibody. (D) Overexpressed Flag-SREBP-1a proteins were purified from HeLa cells treated with NAM, and were incubated with GST fusion proteins as indicated in the in vitro deacetylation assay. The degree of SREBP-1a acetylation was detected by immunoblotting using an acetyl-lysine-specific antibody. Cold Spring Harbor Laboratory Press on September 7, 2017 -Published by genesdev.cshlp.org Downloaded from SIRT1 activators promote inhibition of SREBP target genes, increased SREBP ubiquitination, and decreased SREBP protein stability, and ameliorate aberrant lipogenesis in vivo Recent studies have reported the identification of potent SIRT1-activating compounds, and showed that such SIRT1 activators could significantly ameliorate insulin resistance and improve energy homeostasis in mouse diet-induced obesity models (Milne et al. 2007) . Additional studies showed a significant reduction of hepatic lipids in wild-type mice fed a high-fat diet and treated with the bioavailable SIRT1 activator SRT1720 . We investigated whether SIRT1-selective activators could also affect SREBP-dependent gene activation in vitro and in vivo, and whether they might influence hepatic steatosis in a mouse obesity model. First, our model predicts that, in the presence of sirtuin activators, the proportion of nuclear SREBP targeted for ubiquitination and degradation would increase, resulting in a decrease in the nuclear abundance of SREBP. Indeed, treatment with the potent SIRT1 activator SRT2183 causes strongly increased ubiquitination of Flag-SREBP-1a (Fig. 7A) . Furthermore, SRT2183 treatment decreased the levels of endogenous mature, nuclear SREBP-1 in cultured cells, but had no effect on the SREBP-1 precursor (Fig. 7B,C) . We also found that treatment of human cell lines with SRT2183 results in significantly decreased expression of SREBP target genes in a dose-dependent manner, consistent with our model (Fig. 7D ; data not shown). CBP/p300 have been reported to be regulated by sirtuins, including SIRT1 and SIRT2 (Liu et al. 2008) , and the effects of SIRT1 manipulations that we observe could therefore be indirect. However, while treatment of cells with the SIRT1 activator SRT2183 causes decreased nuclear SREBP levels and inhibition of SREBP target genes, immunopurified p300 from cells treated with SRT2183 does not exhibit decreased activity in terms of acetylation of histones, suggesting that impaired CBP/p300 activity is unlikely to provide an explanation for the observed effects on SREBPs and their target genes (Supplemental Fig. 8 ).
Next, we analyzed in vivo effects of the bioavailable SIRT1 activator SRT1720 (Milne et al. 2007; ) on SREBP target gene expression and steatosis in the mouse liver. Genetically (ob/ob) obese mice fed a high-fat diet and treated with SRT1720 daily for 2 and 4 wk exhibit significantly lower expression of the SREBP target gene FASN in the liver at 4 wk as compared with vehicle-treated mice (Fig. 7E ). We also found that the SREBP-1c gene itself is significantly repressed in response to SRT1720 treatment for 4 wk in these mice, consistent with the fact that SREBP-1c controls its own expression ( Fig. 7E ; Amemiya-Kudo et al. 2000) . Importantly, ob/ob mice treated with SRT1720 for 4 wk have significantly improved hepatosteatosis, as judged by decreased liver weight and hepatic lipids ( Fig. 7F; data not shown) . These data show that sirtuin activators are capable of reducing hepatosteatosis in several mouse models, and that, while . Sirtuin inhibitors regulate nuclear abundance of SREBP-1a, SREBP-2, and SREBP-1c in primary cells. IMR-90 cells were placed in 1% lipid-depleted serum and proteasome inhibitors and then treated with NAM or sirtinol for 6 h. Cells were stained with antibodies to SREBP-1a (A) or SREBP-2 (B) along with DAPI, and were visualized by immunofluorescence. (C) Hepatocytes from wild-type or SIRT1 LKO mice were stained with antibodies specific for SREBP-1c, and were stained with DAPI to visualize nuclei. sirtuins may affect multiple metabolic processes, downregulation of SREBP activity appears to be a significant contributor to decreases in stored lipids.
Discussion
We revealed here that metazoan SIRT1 orthologs play key and conserved roles in regulating SREBP-dependent lipogenic gene expression and lipogenesis/lipid storage in response to fasting cues in metazoans. Sirtuins are NAD +dependent deacetylases with multiple targets in metabolic pathways, including transcription factors and coactivators in the PPAR, FOXO, and PGC families (Yu and Auwerx 2009) . Because sirtuin activators mimicking the fasting response are being actively developed for treatment of human metabolic syndrome (Guarente 2006) , it is critical to understand mechanisms of sirtuin-induced changes in lipogenesis. We examined functional relationships between SIRT1 orthologs and SREBP family members in several metazoan models, and found consistent evidence that SIRT1 is important for fasting-dependent attenuation of SREBP function, and that this down-regulation contributes to the decrease in lipid stores during fasting (Supplemental Fig. 9 ). Indeed, by using animals that lack SIRT1 orthologs or employing RNAi, in addition to chemical sirtuin inhibitors, we show that SIRT1 orthologs are necessary for inhibition of SREBP target genes in response to fasting cues, and that these effects can be replicated in wild-type animals. We also provide critical mechanistic evidence that SIRT1 can directly deacetylate SREBP-1a, that chemical sirtuin inhibitors increase SREBP protein stability and nuclear abundance, and that mutations that prevent acetylation of lysine residues in the DNA-binding domain render SREBP-1a independent of sirtuin regulation. Finally, we show that recently developed SIRT1 activators, which are effective in improving energy homeostasis and decreasing hepatosteatosis in mouse models (Milne et al. 2007; , also increase ubiquitination and proteasomal targeting of SREBP-1a, resulting in decreased SREBP-1 nuclear levels and target gene expression. These results suggest that the prolipogenic program driven by SREBP can be curtailed rapidly by increases in SIRT1 activity, and represents an important aspect of SIRT1 function in metabolic control.
In order to cope with periods of short-term food deprivation (fasting), animals dramatically alter their metabolism, shifting cellular programs to using energy stores rather than promoting lipid biogenesis. This process not only requires the coordination of multiple metabolic pathways, but also may vary in different animals depending on their ecology or life cycles. Conversely, fasting-dependent metabolic shifts toward fatty acid b-oxidation and away from lipogenesis must be reversible rapidly so that energy storage can be restarted when feeding resumes. The cholesterogenic and lipogenic potential of SREBP is tightly controlled at transcriptional and post-transcriptional levels, which may act preferentially on individual isoforms. SREBP-1c, which supports fatty acid synthesis in the liver and adipose tissue, has the most extensively characterized regulation at the transcriptional level (Eberle et al. 2004 ). SREBP-1c expression can be up-regulated by insulin signaling in response to carbohydrate uptake (Azzout-Marniche et al. 2000) or LXRa-mediated induction, which may coordinate fatty acid and aspects of cholesterol homeostasis Schultz et al. 2000; Laffitte et al. 2003) , or be subject to autoactivation (Amemiya-Kudo et al. 2000) . SREBP-1a and SREBP-2 appear to be regulated primarily on the post-transcriptional level, where processing of the membrane-bound inactive form through the ER and Golgi can be repressed by high cholesterol (Brown and Goldstein 1997) , addition of palmitate (Drosophila) (Seegmiller et al. 2002) , or other physiological processes such as ER stress (Kammoun et al. 2009 ). Additionally, post-translational modifications of SREBPs have been shown to affect levels and activity. For example, the activity of nuclear SREBPs may be augmented by phosphorylation or acetylation (Eberle et al. 2004 ). Moreover, SUMOylation has been reported to decrease transcriptional activity (Hirano et al. 2003) , and acetylation of lysines in the DNA-binding domain in active SREBP mask residues that may be ubiquitinated as a prelude to proteasomal degradation (Hirano et al. 2001; Sundqvist and Ericsson 2003) . Our studies showing SIRT1-dependent regulation of nuclear SREBPs provided a biological context for control of SREBP stability by demonstrating a mechanism for rapid reductions in cellular potential for fatty acid or cholesterol production. Post-translational effects on the nuclear, active form of SREBPs are consistent with the rapid reactivation of lipogenic and cholesterogenic programs (Horton et al. 1998 ) that occur upon refeeding. While SIRT1/SIR-2.1 effects are most pronounced during fasting, it is also possible that deacetylation plays a minor role in SREBP turnover in nonfasted situations, as SREBP target genes respond to changes in sirtuin activity in fed animals, or cells in normal culture media (Figs. 1H, 2C, 4 ; data not shown). It is also notable that the effects of SIRT1 orthologs on SREBPs are conserved in multiple metazoan organisms with diverse feeding/fasting cycles, suggesting the biological importance of the regulatory mechanism. The regulation of SREBP proteins by other sirtuin family members has been demonstrated recently in a neurodegeneration model (Luthi-Carter et al. 2010) . However, in this instance, SIRT2mediated regulatory events occurred outside the nucleus and resulted in decreases in SREBP-2-dependent gene expression, rather than increases, as in our model of SIRT1dependent regulation. This study raises important additional support for our assertion that pharmacological inhibition of sirtuins in our system, which mimics genetic SIRT1 manipulation in our gene expression and SREBP localization studies, is primarily acting through SIRT1.
In mammals, SIRT1 appears to be key to shifts in energetic equilibrium occurring as nutritional states change. SIRT1 levels increase in the liver in response to fasting , and become more active as cellular NAD + levels rise; thus, SIRT1 is poised to modify and activate regulators of lipid mobilization. Indeed, SIRT1 has a well-documented role in stimulation of lipid breakdown in multiple tissues and through several distinct pathways (Yu and Auwerx 2009) . In adipose tissue, SIRT1 can repress PPARg, limiting fatty acid uptake and triacylglycerol (TAG) synthesis (Tontonoz and Spiegelman 2008) , while activating PPARa/PGC-1a-dependent programs of fatty acid b-oxidation in the liver (Rodgers et al. 2005; Gerhart-Hines et al. 2007; Purushotham et al. 2009; Smith et al. 2009 ). Several recent reports have also linked SIRT1 to changes in lipogenic programs. First, resveratrol, an activator of SIRT1, can increase the levels of SREBP in livers of alcohol-treated mice (Ajmo et al. 2008) . Second, the SIRT1 activator SRT1720 was shown to decrease lipogenic gene expression in a mouse model of hepatosteatosis (Yamazaki et al. 2009 ). Together with our data demonstrating biological and mechanistic links, this strengthens the observation that SIRT1 can suppress factors such as SREBP that promote lipid storage, and highlights the multilayered control sirtuins can exert on metabolic circuits.
SIRT1 function also appears to be promoted by AMPK, which is activated upon energy depletion and plays key roles in modulating lipid and energy homeostasis (Ruderman et al. 2010) , at least in mammalian contexts (Hou et al. 2008; Canto et al. 2009 ), and may thus act as an upstream fasting-regulated signal transducer to coordinately regulate multiple facets of lipogenesis, including SIRT1-dependent control of SREBPs. It is presently unclear whether AMPK also plays a role in regulating SREBP in lower metazoans in response to fasting cues.
Recent work has demonstrated that sirtuins employ multiple mechanisms allowing cells to access stored energy during fasting, depleting lipid deposits (Yu and Auwerx 2009 ). The therapeutic benefits of treating disorders such as type 2 diabetes, metabolic syndrome, and hepatosteatosis have driven the development of sirtuin activators that may act as fasting mimetics (Guarente 2006) . Resveratrol treatment attenuates the effects of a high-fat diet in mice (Lagouge et al. 2006; Bordone et al. 2007) , and, recently, more potent SIRT1 activators act to decrease serum triglyceride levels and protect against obesity in mice (Milne et al. 2007; . While the precise mechanistic details of how these SIRT1 activators function is still being debated (Ledford 2008; Pacholec et al. 2010) , they do exert potent effects on a number of metabolic regulators, with important physiological consequences. For example, SIRT1 activators increase SIRT1-dependent activation of PGC-1a, FOXO1, and p53, promoting the expression of fatty acid b-oxidation genes Smith et al. 2009 ). Our work shows that the SIRT1 activator SRT2183 impinges on transcriptional programs governing de novo cholesterol/ lipid biosynthesis in cultured cells by rendering SREBP susceptible to ubiquitination; the resulting proteasomal processing decreases the pool of active SREBP, and, consequently, SREBP-dependent gene expression ( Fig. 7A-D) . This link is likely to hold true in vivo, as the bioavailable SIRT1 activator SRT1720 also decreases expression of SREBP target genes and stored fats in livers from ob/ob mice fed a high-fat diet (Fig. 7 E,F) . Our in vitro and in vivo results thus provide important insights into the mechanistic and physiological effects of SIRT1 activators; understanding how such potential treatments affect the breadth of SIRT1 function is critical to their success as therapeutics in humans.
Materials and methods
Antibodies Anti-Flag M2 was purchased from Sigma. Anti-HA was purchased from Covance Research Products. Anti-SIRT1 and anti-pan-acetyl were purchased from Cell Signaling. SREBP antibodies were as follows: SREBP-1a antibody (2121) was purchased from Upstate Biotechnologies, and SREBP-2 was purchased from Cell Signaling. Anti-b-tubulin antibodies were obtained from Santa Cruz Biotechnology, and anti-g-tubulin antibodies were procured from Sigma.
Tissue culture
HeLa cells, 293T cells, and MEFs were cultured at 37°C and 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM; Sigma), supplemented with 100 mg/mL penicillin-streptomycin (GIBCO-BRL), 10% (or otherwise indicated) fetal bovine serum (Hyclone), and 20 mM glutamine. Treatment of HeLa cells with SRT2183 was performed in low-glucose DMEM with 1% fetal bovine serum. IMR-90 cells were cultured in MEM, supplemented as other cells with the addition of 0.1 mM sodium pyruvate (GIBCO-BRL). For activator and inhibitor studies, cells were plated and allowed to recover overnight before addition of drug. Nicotinamide (25 mM) treatment was performed for 6-20 h; as noted, this concentration is within the range of physiological effect for SIRT1 in cell culture (Rodgers et al. 2005) . Sirtinol (0.1 mM) treatment occurred for 20 h, and SRT2183 was added for 16 h. Lipid-depleted bovine calf serum was obtained from Biomedical Technologies, Inc.
Plasmids
Full-length human SIRT1 cDNA (wild-type or H363Y mutated) was subcloned into pcDNA4/TO-Flag or pGEX-2TKN. Human SREBP-1a cDNA encoding amino acids 1-487 was subcloned into pcDNA4/TO with an N-terminal Flag tag. shRNA constructs of human SIRT1 were purchased from Open Biosystems. Adenoviruses expressing control and SIRT1 shRNA were described previously . Flag-SREBP-1a K324R, K333R was kindly provided by J. Ericsson (Giandomenico et al. 2003) .
Transfection and siRNA
To overexpress epitope-tagged proteins in HeLa and 293T cells, 2 mg of plasmid DNA was transfected by Lipofectamine 2000 (Invitrogen) into each well (4 3 10 5 cells) of six-well plates. Whole-cell extracts were prepared after 24 h of culture. Smart pool of double-stranded siRNA oligonucleotides (control or SIRT1) were synthesized by Dharmacon Research, Inc. (a Thermo-Fisher Company). siRNA oligonucleotides (1 mg per well) were transfected into HeLa cells in six-well plates by Lipofectamine 2000. After 48 h, cells were replated into 24-well plates, and were transfected with reporter vectors. Cell extracts for immunodetection of SIRT1 and b-tubulin were generated 65 h after siRNA transfection.
Immunoprecipitation, immunoblotting, and immunofluorescence
For immunoprecipitation, 5 mL of anti-Flag, 20 mL of SREBP-1a (m2121, Upstate Biotechnologies), or 20 mL of SREBP-2 was incubated with 20 mL of protein A/G beads (Pharmacia) for 1 h, nutating at room temperature. After extensive washes, 1 mL of HeLa or 293T whole-cell lysates was incubated for 3 h, nutating at 4°C, with the antibody-coupled protein A/G beads. For immunoprecipitations of endogenous SREBP isoforms from HeLa cells, cultures were pretreated with proteasome inhibitor and nicotinamide for 6 h. The beads were washed five times with 1 mL of wash buffer containing 20 mM HEPES (pH 7.6), 250 mM KCl, 0.1 mM EDTA, 10% glycerol, 0.1% NP-40, 1 mM DTT, 1 mM benzamidine, 0.25 mM PMSF, and 2 mg/mL aprotinin. The interacting proteins were then eluted with binding buffer containing 10 mM Flag peptide (for Flag-tagged proteins) for 1 h at 4°C. For immunoblotting, protein samples were resolved by SDS-PAGE and transferred to PVDF membranes. The membranes were blocked by 0.5% nonfat milk for 1 h at room temperature and were incubated with primary antibodies overnight at 4°C. After several washes, the membranes were incubated with HRP-conjugated secondary antibody for 1 h at room temperature. For detection of endogenous acetylated SREBP-1a and SREBP-2, secondary anti-light chain-conjugated HRP antibodies (Jackson Immunologicals) were used. For detection of endogenous SREBP-1 in immunoblots, IMR-90 cells were cultured in low-glucose DMEM with 1% lipid-depleted serum (LDS) with vehicle (DMSO) or SRT2183. ALLN (25 mg/mL; Peptide Biosciences) was added to the culture media 1 h before harvesting. Nuclear extracts were prepared as in Andrews and Faller (1991) . For immunofluorescence, IMR-90 cells were plated overnight in 1% LDS, and HeLa cells were treated with 1% LDS/low glucose. Six hours before harvest, ALLN was added at 1 mM, along with nicotinamide (25 mM) or sirtinol (0.1 mM). The cells were then washed with PBS and fixed with paraformaldehyde. Primary antibody incubations were performed overnight. Cells for photography were selected at random by DAPI staining, and three independent fields were photographed.
In vitro deacetylation assays
GST fusion proteins [GST alone, GST-SIRT1WT, and GST-SIRT1(H363Y)] were expressed in Escherichia coli (BL21; DE3) and purified from the lysates by glutathione-sepharose beads (Pharmacia). The amount of GST proteins was estimated using SDS-PAGE followed by Coomassie staining. Flag-tagged SREBP-1a proteins were expressed in HeLa cells in the presence of 25 mM nicotinamide, purified by immunoprecipitation from whole-cell extract, and eluted with Flag peptide. The purified Flag-SREBP-1a was incubated with purified GST fusion proteins for 1 h at 30°C in either the presence or absence of 5 mM NAD + . The reactions were performed in a buffer containing 50 mM Tris-HCl (pH 9.0), 50 mM NaCl, 4 mM MgCl 2 , 1 mM ZnCl 2 , 0.5 mM DTT, 0.2 mM PMSF, 0.02% NP-40, and 5% glycerol. The reactions were resolved on SDS-PAGE, and were analyzed by immunoblotting.
C. elegans
Nematodes were cultured using standard C. elegans methods (Brenner 1974 ) and were fed E. coli OP50, unless otherwise noted. Strains used in the analysis were N2, sir-2.1(ok434), fat-7pT GFP(BC15777), elt-2TGFP(rtIS26); CE500 Ex[SBP-1TGFP, rol-6]; sbp-1(ep79); HA1894 sbp-1(ep79);sir-2.1(ok434); HA316 Is[rol-6]; and LG100 Is[sir-2.1, rol-6]. For fasting assays, animals were collected at the L4/young adult stage, washed extensively in M9 with 100 mg/mL kanamycin, divided into fed and fasted groups, and placed on nematode growth medium (NGM) plates unless otherwise noted. Sudan Black staining was carried out as described in Ogg and Ruvkun (1998) . More than 30 images from each genotype were scored blind for level of staining in multiple independent experiments. Animals for Sudan Black staining or fat-7pTGFP analysis were fasted for 18 h; when analyzing sbp-1(ts), fed and fasted animals were placed at 25°C. For experiments involving fat-7pTGFP and SBP-1TGFP, the assay was carried out in liquid culture in 24-well plates with constant rotation. Kanamycin (100 mg/mL) was added to both fed and fasted animals to control bacterial growth. For sbp-1(RNAi), nematodes were fed E. coli HT115 bacteria expressing clone III-6C01 from the Ahringer RNAi library . Both fat-7 expression and Sudan Black staining levels were lower in wild-type animals fed HT115 bacteria. Fluorescence microscopy was carried out on a Zeiss Axioplan equipped with an Axiocam camera. Images were converted into Adobe Photoshop and pseudocolored. All alterations of levels were applied equally to all elements within a panel. qRT-PCR on C. elegans samples was performed following RNA extraction (Tri-Reagent, Sigma) and cDNA synthesis (Transcriptor, Roche) on an LC480 (Roche) with SYBR Green PCR kit (Roche). Values were normalized to act-1. For gene expression studies, fasting was carried out for 7 h. Primer sequences are available on request. For thin-layer chromatography and gas chromatography analysis of C. elegans TAG levels, please see Ashrafi et al. (2003) and Watts and Browse (2006) .
Drosophila treatment and culture
All flies were cultured on standard cornmeal-agar-molasses medium, and w 1118 strain was used as the wild-type control. A Sir2-null allele (Sir2 2A-7-11 ) deletes the entire coding sequence of the Sir2 gene, and was generated by targeted knockout (Xie and Golic 2004) . The homozygous mutant animals of this Sir2-null allele are viable, allowing us to collect third instar mutant larvae for qRT-PCR analyses. Early third instar larvae of Sir2 mutants (w 1118 ; Sir2 2A-7-11 ; +) or control (w 1118 ; +; +) were maintained in vials containing either normal food or 1% agarose gel in PBS for fasting treatment, for 24 h at 25°C.
SIRT1 shRNA knockdown in the mouse liver
Experiments were performed in 6-to 8-wk-old male BALB/c mice, purchased from Harlan Laboratories. Animals were fed a standard rodent chow in a controlled environment with 14-to 10-h lightdark cycle. Control shRNA, SIRT1 shRNA, and recombinant adenoviruses were delivered by tail-vein injection into mice. Tolerance tests were performed 4-5 d after transduction. Mice were killed 7-9 d following adenoviral transduction. Livers were extracted and immediately snap-frozen in liquid nitrogen, and were stored at À80°C until analysis. Detailed methods are found in Rodgers and Puigserver (2007) .
SIRT1 activator treatment of mice, and liver lipid and mRNA analyses
Six-week-old ob/ob mice were purchased from Jackson Laboratories, fed a high-fat diet (60% energy; Research Diets), acclimated for 2 wk before the study, and dosed with SRT1720 (100 mg/kg) or vehicle (2% HPMC + 0.2% DOSS) by oral gavage once a day for 2 or 4 wk as described (n = 5 per group) (Milne et al. 2007 ). All handling and dosing was performed according to the guidelines set out by the Institutional Animal Care and Use Committee (IACUC) at Sirtris. Animals were weighed immedi-ately before sacrifice. Euthanasia was performed with CO 2 2-3 h after the last oral gavage (with compound or vehicle). The weight of the whole liver was recorded, and the liver was frozen in N 2 (l). The frozen tissue was ground into a powder, from which lipid content and mRNA gene expression were measured. Roughly 500 mg of liver (powder) was weighed, and total lipids were extracted using the Folch method (Folch et al. 1957) . The lipid content of the liver is represented as percentage lipids by weight. First, 0.5 mL of dH 2 O was added to livers and homogenized using a handheld tissue homogenizer. HPLC-grade chloroform (Fluka), methanol (Sigma), and water (Invitrogen) were added to the tissue homogenate in 8:4:3 volume, respectively. For most tissues, 3 mL of HPLC-grade chloroform was added, and sample was vortexed. Then, 1.5 mL of methanol was added, and the sample was vortexed. One milliliter of dH 2 O was added, and then the sample was vortexed. Tissue solution was allowed to sit for 20 min to allow phase separation. Using negative pressure, a plastic pipette was used to transfer the bottom aqueous layer to a preweighed new tube. The top supernatant layer was discarded. The extraction protocol was repeated with the middle layer, and the bottom was transferred to its respective tube. Tubes were placed overnight in a 70°C oven. When all of the liquid dissolved and the samples remained unchanged over several hours, a small drop of oil remained. This was weighed, and the percentage of fat in the original samples was extrapolated. Total RNA was extracted from the liver (powdered and stored at À80°C) with Trizol (Invitrogen), and quantified with an Agilent 2100 Bioanalyzer (Agilent Technologies). For mRNA quantification, 2 mg of RNA was converted to cDNA with a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems), and transcript levels of relevant genes were determined by real-time, quantitative PCR with an ABI 7300 Real-Time PCR machine according to the manufacturer's instructions. TaqMan probes and primers were designed using Primer Express 3.0 (Applied Biosystems).
qRT-PCR and semiquantitative RT-PCR assay
The total mRNA was extracted using Trizol Reagent (Invitrogen) following the manufacturer's protocols. For Drosophila samples, five larvae of each genotype per treatment were ground with a pellet mixer. The first strand of cDNA was generated using a first-strand cDNA synthesis kit (Promega). PCR primers are available on request.
Microarray experiment and data analysis
Total RNA extraction and NimbleGen Mus musculus 385K microarray experiments were performed according to the manufacturers' instructions. The absence of systemic bias among samples was confirmed by the box plot analysis supported by the R statistical programming language. Raw intensity values of 389,307 features were subjected to t-test (P < 0.05, two-tail) to extract 13,258 features whose expression significantly differed between the SIRT1 knockout and control animals. Genes detected with redundant features were then represented by features with the largest fold change between the knockout and control animals, while other features were removed. This resulted in a nonredundant list of 8573 genes. Fold changes between averages of the knockout and control animals were calculated for each of the 6252 RefSeq genes in the nonredundant list, and the fold change values were determined for genes involved in lipid metabolism.
p300 HAT assays
Nuclear extracts were prepared from IMR-90 cells treated with either SRT2183 SIRT1 activator or nicotinamide or vehicle control, and were incubated with Protein A sepharose beads (GE Healthcare) prebound with either anti-p300 (Santa Cruz Biotechnology) or control IgG. After 4 h, beads were collected and washed four times with 500 mM KCl immunoprecipitation wash buffer (20 mM Tris at pH 7.9, 10% glycerol, 0.05% NP-40, 1 mM MgCl 2 , 1 mM EDTA at pH 8, 1 mM DTT, 1 mM PMSF), followed by two washes with 100 mM KCl immunoprecipitation wash buffer, and then two washes with HAT assay buffer (50 mM Tris at pH 8, 10% glycerol, 10 mM butyric acid, 1 mM PMSF, 1 mM DTT). HAT assays were then performed using Calf Thymus IIA histones (Sigma) and 14 C-acetyl-CoA (Amersham) substrates as described previously (Mizzen et al. 1999) . SDS-PAGE and fluorography were used to detect acetylated histone products.
